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Background: Pediatric obstructive sleep apnea (OSA) is associated with neurocognitive deficits. However, the neural substrates underlying such
deficits remain unknown.

Methods: To examine executive control and emotional processing in OSA, 10 children age 7 to 11 y with polysomnographically diagnosed OSA
and 7 age- and sex-matched controls underwent a color-word Stroop task and an empathy task consisting of dynamic visual scenarios depicting
interpersonal harm or neutral actions in a magnetic resonance imaging (MRI) scanner. Functional MRI data were processed using MATLAB 7.12
with SPM8 for region of interest (ROI) analyses, and a general linear model was used with regressors for each trial type in each task.

Results: For the Stroop task, accuracy was similar in the two groups, with no differences in the effect of incongruency on success rates. OSA
showed greater neural activity than controls in eight ROI clusters for incongruent versus congruent trials (P < 0.001). Within the a priori ROIs, the
anterior cingulate cortex was significantly different between groups (P < 0.05). For perceiving harm versus neutral actions, ROI analysis revealed a
significant correlation between apnea-hypopnea index and left amygdala activity in harm versus neutral actions (r =-0.71, P < 0.05).
Conclusions: These results provide the first functional MRI evidence that cognitive and empathetic processing is influenced by obstructive sleep
apnea (OSA) in children. Children with OSA show greater neural recruitment of regions implicated in cognitive control, conflict monitoring, and
attentional allocation in order to perform at the same level as children without OSA. When viewing empathy-eliciting scenarios, the severity of OSA

predicted less sensitivity to harm in the left amygdala.
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INTRODUCTION

Obstructive sleep apnea syndrome (OSAS) in children is a
highly prevalent condition in which intermittent collapse of the
upper airway during sleep leads to recurrent hypoxic events,
intermittent elevations in carbon dioxide levels, sleep frag-
mentation, and reduced sleep efficiency.! Children with OSAS
exhibit increased risk for altered executive function and mood
disturbances, particularly anhedonia, potentially resulting
in maladaptive daytime behaviors and poor school perfor-
mance.” In the context of cognitive deficits in pediatric OSAS,
changes in brain metabolic function and systemic inflammatory
responses have been identified as determinants of such adverse
outcomes.”® However, despite theoretical assumptions and
animal-based evidence suggestive of structural and functional
deficits within specific brain regions in pediatric OSAS, *'° the
neural correlates of behavioral and cognitive problems in chil-
dren with OSAS remain unknown.

Studies using functional MRI (fMRI) in adults with OSAS
have shown that alterations in working memory are associated
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with decreased activation in specific brain regions associ-
ated with such tasks, particularly in the prefrontal cortex,' "
suggesting the presence of significant neural injury that may be
potentially reversible with treatment.'*'” However, additional
studies have indicated the presence of increased, rather than
decreased, activation of neural regions during memory or atten-
tion-related tasks,'®2! which could reflect the need for increased
recruitment of more extensive brain networks to perform specif-
ically susceptible tasks, either adequately or even suboptimally.

Although we are unaware of any fMRI studies in children
with OSAS, preliminary evidence derived from geodesic-
evoked potential arrays suggests expanded regional recruitment
within the prefrontal cortex among children with OSAS during
performance of an oddball attention task.”> Therefore, we
hypothesized that children with OSAS who display otherwise
cognitively preserved cognitive performances in standardized
cognitive tests would display enhanced fMRI activation patterns
during an executive function task. In addition, given that sleep
deficits or sleep disorders may also affect emotional processing
and mood,”?* we also sought to examine potential differences
in functional neural activation in response to empathy-eliciting
scenarios, a function that is commonly affected in depression
and other mood disorders, using a task that has been previously
validated with normally developing children.

PATIENTS AND METHODS

Participants

Children being evaluated for suspected OSAS in the pedi-
atric sleep medicine center were invited to participate. Age-
and sex-matched nonsnoring controls were recruited from the
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community as part of a National Institutes of Health-supported
project (HL065270). The enrolled sample was representative of
the general population living in neighborhoods on the south side
of Chicago, and socioeconomic status, sex, and ethnicity were
matched between the two groups. Parental informed consent
and child assent were obtained. The study was approved by the
Institutional Review Board (protocol # 11-0280-CR002).

Inclusion criteria for the OSAS group were: suspected OSAS
at physician visit and confirmation of OSAS by polysomnog-
raphy (PSG) and age 7 to 11 y, such as to enable improved
participation in fMRI procedures. Inclusion criteria for controls
included absence of OSAS or snoring on screening question-
naire and normal PSG. Exclusion criteria for both groups
included preexisting medical, behavioral, or learning disor-
ders indicated by screening questionnaires; medications within
3 days of protocol; body mass index over 95th percentile;
failure to pass hearing or vision screening; failure to pass 1Q
and behavioral screening tests (Peabody Picture Vocabulary
Test III [PPVT-III] and “at-risk” behavioral scores on the Child
Behavior Checklist [CBCL]; see next paragraphs).

Overnight PSG

All children underwent full, in-laboratory PSG by study-
certified technicians according to a standardized protocol®
and following American Academy of Sleep Medicine (AASM)
guidelines.”® Scoring was performed according to the AASM
pediatric criteria, by certified technologists. The obstruc-
tive apnea-hypopnea index (AHI) was defined as the sum of
all obstructive apneas plus hypopneas associated with a 50%
reduction in airflow and either a > 3% desaturation or electroen-
cephalographic (EEG) arousal, divided by hours of total sleep
time. The diagnosis of children with OSAS was defined by the
presence of an obstructive AHI > 2/h of total sleep time (hTST)
and a nadir oxyhemoglobin saturation < 92% or a respiratory
arousal index > 2/rTST. Control children had AHI < 1/hTST
and no oxygen desaturations events during sleep.

Peabody Picture Vocabulary Test-llI

The PPVT-III?’ was used as an individually administered
[Q-screening tool with high construct validity in which chil-
dren select one of four pictures that best correspond to the
word the tester read. Raw scores are transformed to standard
scores, based around a mean of 100 and a standard deviation
of 15. Correlations between PPVT-III scores and Wechsler
Intelligence Scale for Children-Third Edition range around
0.82 t0 0.92.%

Child Behavior Checklist-Revised

The CBCL screened for behavior disorders by parental report
of Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition (DSM-IV) symptoms using the forms designed
for children age 6-18 y.*

Mock Scanner Training

Before entering MRI scanning, participants were trained on
the tasks in a mock scanner. All participants were asked to lie
down in the mock scanner and were exposed to recordings of
scanner noise. After they felt comfortable, participants were
introduced to the color-word Stroop task and practiced until
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they could correctly respond to six consecutive trials of mixed
congruent and incongruent stimuli. After successful training on
the Stroop task, participants were shown three examples each of
the harm and action scenes. Participants were also acquainted
with the empathy task.

Stroop Task

The color-word Stroop task® consisted of presenting three
color words (“red,” “green,” “blue”) with letters in red, green,
or blue font. Participants were shown a word and asked to indi-
cate the color of the letters by pressing one of three buttons on a
button box. Words were displayed at the center of the screen on
a white background. In an event-related design, congruent and
incongruent trials were presented randomly. Half of all trials
were incongruent. All word stimuli remained on the screen for
2.2 sec and were followed by a fixation cross with a jittered
duration (2.13 + 0.68 sec). While in the scanner, participants
were shown 96 color-word combinations in two separate runs
(264 sec per run). Stimuli for both tasks were presented using
E-Prime software (Psychology Software Tools, Inc., Sharps-
burg, PA) and viewed on a back-projection screen.

Empathy Task

For the empathy task, participants viewed 60 dynamic visual
scenarios. Stimuli were a subset of those used in previous fMRI
studies with children.>'*? Thirty of the scenes depicted interper-
sonal harm (harm) and 30 scenes showed neutral actions that
did not involve harm (neutral actions). Both harm and control
scenarios involved two individuals interacting. Participants were
instructed to lie still and pay attention to the people in the scenes.
Each scene lasted 2.2 sec and consisted of three successive digital
color photographs (720 x 405 pixels) that were presented to imply
motion (1000, 200, and 1000 ms). Stimuli of the same class were
presented in blocks. In each block, six scenes were interspersed
with a jittered fixation cross (2.2 + 2.7 sec). Participants viewed
each scene twice across four runs (212 sec per run). Within each
run, five task blocks were presented in pseudorandom order,
interspersed with rest blocks of 11 sec each.

MRI Scanning

Participants were scanned with a 3T Philips Achieva Quasar
scanner (Philips, Eindhoven, The Netherlands) at the University
of Chicago Brain Research Imaging Center. For functional runs,
contiguous axial slices of 4-mm thickness were acquired using
a single-shot Echo-Planar Imaging (EPI) sequence (repetition
time [TR] = 2000 ms; echo time [TE] = 25 ms; flip angle = 770;
field of view [FOV] = 224 mm X 224 mm; matrix = 64 x 64;
3.5 mm x 3.5 mm X 4 mm voxel size). A T1-weighted three-
dimensional turbo field echo- Magnetization Prepared RApid
Gradient Echo (TFE/MP-RAGE) sequence (TR = 8.1 ms;
TE = 3.7 ms; matrix = 224 x 224; 1-mm isotropic voxels) was
used to acquire high resolution anatomical images.

MRI Processing

MRIs were processed using MATLAB 7.12 (Mathworks
Inc., Sherborn, MA) with a statistical parametric map (SPMS,
Wellcome Department of Imaging Neuroscience, London, UK).
The ArtRepair toolbox* was used to identify and repair slices
containing spikes. These repaired EPI were then realigned to
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the mean functional image, normalized to the EPI template,
and smoothed with a gaussian smoothing kernel set to 8 mm
full-width half maximum. Following high-pass filtering (128-
sec cutoff), event onsets—either Stroop trial or task block—
were modeled with a boxcar function and convolved with the
canonical heterocyclic response frequency (HRF). Individual
volumes containing large movements were marked as bad, inter-
polated, and de-weighted in the first-level SPM. For the Stroop
task, a general linear model (GLM) was used with regressors for
each trial type (incongruent/congruent). Movement parameters
from realignment were included as nuisance repressors. For
the empathy task, the GLM included three regressors for block
type (rest/neutral actions/harm). As before, the planned contrast
harm versus neutral actions was thresholded at P < 0.001 with a
cluster extent of 10 voxels. A second-level random effects model
was used to assess between-group differences. The contrast
incongruent versus congruent, across and between groups, was
thresholded at P < 0.001 with a cluster extent of 10 contiguous
voxels. All statistical analyses were carried out with MATLAB.

For region of interest (ROI) analysis, peak voxels were
extracted with 6-mm-diameter spheres centered at the Montreal
Neurological Institute (MNI) coordinates taken from previous
literature. ROIs were analyzed using rfxplot toolbox for
SPMS8.* ROI coordinates for the Stroop task were taken from a
meta-analysis of 26 functional neuroimaging studies of Stroop
tasks, which included the anterior cingulate cortex (ACC: 2, 16,
41), inferior frontal junction (IFJ: -44, 6, 34), and inferior pari-
etal lobule (IPL: -36, -52, 44).3? For each ROI, the neurohemo-
dynamic activity during congruent trials was subtracted from
that during incongruent trials for each participant. An unpaired
two-sample 7-test was used to compare these difference scores
between groups.

The six ROI coordinates for the empathy task were taken
from a recent study using the same stimuli in typically devel-
oping children** and included the right amygdala (22, 4,
-16), the left amygdala (-22, 4, -16), right insula (44, 0, -6),
left insula (-44, 0, -6), right anterior midcingulate cortex (10,
20, 32), left anterior midcingulate cortex (-10, 20, 32), right
ventromedial prefrontal cortex (10, 50, -6), left ventromedial
prefrontal cortex (-2, 58, -8), right inferior frontal gyrus (44,
32, 4), and left inferior frontal gyrus (-44, 32, 4). Peak activity
for harm versus neural action within each ROI was then corre-
lated against individual participants’ AHI, the latter being log
transformed because it was not normally distributed (LogAHI).

RESULTS

Nineteen children were originally included; however, two
were excluded from the final data analyses due to either move-
ment artifacts or phobic reaction to the MRI scanner. No families
declined to participate in the use of the fMRI procedures, which
were well tolerated by all. Thus, the final sample included 10
children (five females), age 7 to 11 y, with a polysomnographic
diagnosis of OSA and seven matched control children (Table 1).
All children had PPVT-IIT and CBCL scores within the normal
range (Table 2).

Functional MRI Data During the Stroop Task
Accuracy was not significantly different between groups
(P> 0.39; Table 2). Also, there was no difference in the effect
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Table 1—Demographic and polysomnographic characteristics of children
with obstructive sleep apnea syndrome and matched controls

OSAS Control
(n=10) (n=7)
Age (y) 85+14 8415
Range 7-11 7-1
Sex (male, %) 50.0 58.3
Ethnicity (African American, %) 70.0 70.4
BMI-z score 1.07+04 1.06 £0.5
Stage 1 (%) 6.4+3.7 46+6.2
Stage 2 (%) 359+87 419+9.07
Stage 3 (%) 126 £14.1 89+438
Stage 4 (%) 181+£105 215466
REM sleep (%) 145+74 16.1+£6.6
Sleep latency (min) 216+162 26.7+253
REM latency (min) 1789+51.0 1824752
Respiratory arousal index (events/h
TST) 33+227 0.30+0.31°
Obstructive apnea-hypopnea index
(events/h TST) 155+£9.5 0.46 +0.26°
Sa0, nadir (%) 81283 914 +54°

3Obstructive sleep apnea syndrome (OSAS) versus controls: P < 0.01.
BMI, body mass index; REM, rapid eye movement; Sa0,, saturation of
oxyen; TST, total sleep time.

Table 2—Behavioral results from PPVT-III, CBCL, and Stroop task

OSAS Control

(n=10) (n=7)
PPVT-II 104.6 + 6.4 106.2+5.7
CBCL - total score 575+4.6 55.2+4.9
Accuracy (percent correct) 0.99 +0.01 0.98 £0.01
Stroop penalty 0.15+0.15 0.26 £0.35

CBCL, Child Behavior Checklist; OSAS, obstructive sleep apnea
syndrome; PPVT, Peabody Picture Vocabulary Test IIl.

of incongruence on success rate between groups (P > 0.42;
Table 2). When groups were collapsed, there were no clusters
that showed significant effects of trial type (incongruent versus
congruent and its reverse). However, the children with OSA
showed greater neurohemodynamic response than controls
in eight clusters (Figure 1; Table S1, supplemental material).
Within the a priori ROIs, the activity in the ACC was signifi-
cantly different between the groups (P < 0.05). The OSA group
showed greater ACC activity during incongruent trials, whereas
the control group demonstrated the reverse pattern. Response
in the inferior frontal gyrus and inferior parietal lobule did not
show significant differences between groups for incongruent
versus congruent (P > 0.36 for both).

Functional MRI Data During Empathy Task

When perceiving harmful actions was contrasted to neutral
actions, there was one significant cluster in middle occipital
lobe (-42, 72, 14). When LogAHI was entered as a covariate,
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Figure 1—Clusters showing significantly greater activity in the OSAS group for incongruent versus congruent trials during the Stroop test (P < 0.001).
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Figure 2—Apnea-hypopnea index (AHI) plotted against percent functional MRI signal change in left amygdala
(shown in the picture) for harmful actions versus neutral actions (r = -0.71, P < 0.05) during the empathy task.

task indicated significantly more
extensive neural recruitment
during the Stroop task in children
with OSAS. In addition, reduced
neural recruitment in previously
identified brain regions associ-
ated with empathy emerged.
Substantial attention has been
paid in the past two decades to the
neurocognitive consequences of
OSAS in children,>®% and to
potential mechanisms under-
lying such morbidities.>#36-%
However, not all children with
OSAS exhibit cognitive deficits,
suggesting that both genetic and
environmental factors are opera-
tionally involved.*® It remains
unclear however, whether differ-
ences in brain activity patterns
exist among children with OSAS
without neurocognitive deficits
and healthy children. This study

| F + s
Left amygdala: (-22, 4, 16)

no significant clusters remained above the significant threshold
except for left amygdala. Indeed, ROI analysis revealed a
significant correlation between obstructive AHI and left amyg-
dala activity in harm versus neutral actions (r =-0.71, P <0.05;
Figure 2; Table S2, supplemental material). LogOAHI was not
significantly related to activity in any other ROI.

DISCUSSION

This is the first study in otherwise cognitively preserved
children with OSAS examining neural activation patterns in
response to an executive function task and an empathy task
with fMRI. The major findings during the attentional executive
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provides initial insights into this
issue, and confirms our previous
findings using geodesic evoked potential arrays, whereby satis-
factory performance during a standardized executive task, such
as the Stroop task, is associated with expanded neural activa-
tion within brain functional networks subserving such task.?
During the Stroop task, children with OSAS exhibited greater
difference in activity between incongruent and congruent trials.
Greater activity was identified in regions implicated in cogni-
tive control, conflict monitoring, and attentional allocation. The
a priori ROI analysis further revealed group differences in the
response of anterior cingulate cortex, with the OSAS group
showing greater recruitment during congruent trials, while the
control subjects showed increased activity during incongruent
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trials. Given that the groups did not significantly differ on
task performance, these results suggest that the children with
OSAS either required greater neural recruitment, or were using
alternative strategies, or some combination of both. It will be
of interest to examine whether children with similar OSAS
severity but who differ in their cognitive performance will
also exhibit divergent neural activation maps during standard-
ized cognitive tasks such as Stroop.” Furthermore, the revers-
ibility of such alterations with effective treatment will have to
be thoroughly investigated.*’ Notwithstanding such consider-
ations, the robust statistical differences in brain region recruit-
ment identified by the fMRI procedures during the Stroop task
among the two groups, and the opposite effects of OSAS on
empathy task-induced brain region activation patterns provides
compelling evidence that differential neural activity processing
is present in pediatric OSAS during tasks, even when global
performance as assessed during standardized neuropsycholog-
ical testing by experienced child psychologists does not detect
any discernible differences.

In the empathy task, a task that has never been included in
the assessment of children with OSAs, a condition exists that
has been associated with mood perturbations, particularly
depressive traits.”®> Because hypoactive responses occur in the
amygdala in depressed children,” we reasoned that the fMRI
responses to an empathy assessment paradigm would poten-
tially uncover thus far unknown alterations in neural processing
differences within this brain region. Indeed, the obstructive AHI
predicted neural responses in left amygdala, a key region known
to be involved in the processing of social stimuli, especially
responsive to salient negative information.**** Previous studies
with normally developing children have reported activation of
the amygdala in response to the perception of intentional harm
to others.’*? This suggests that increased respiratory distur-
bance during sleep may be related to reduced sensitivity in the
amygdala. However, because this task used a passive-viewing
paradigm, as dictated by the fMRI environment, it is possible
that children with sleep apnea were engaging in a different eval-
uative process when viewing the scenes.

Some methodological issues pertaining to the current study
deserve comment. First, the sample size enrolled in the current
study was relatively small. However, the observed differences
reported herein were of sufficient robustness to pass the strin-
gent statistical criteria set forth by the multivariate analyses and
post hoc tests applied to the data. Therefore, the major concern
emanating from such small sample size involves the possibility
that other brain regions that did not emerge as statistically
significant in the current study may emerge as differentially
activated in future studies with larger samples in the context
of a potential B error. Second, this is the first study in children
with OSAS using fMRI activation approaches. The two groups
were carefully matched such as to exclude neurocognitive
dysfunction, and thus enable identification of subtle differences
in regional brain activation that are potentially relevant to the
daytime functioning of these children in clinical settings. In this
context, we should caution, however, that screening for overall
intellectual abilities using the PPVT-III may not be sufficiently
sensitive to detect subtle differences. Although all children
were tested immediately after a night of sleep in the labora-
tory, i.e., their sleep duration preceding their assessment in the
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magnet was known and similar, we cannot ascertain whether
their long-term sleeping schedules were similar as well.* We
are only aware of one other study ever published in children
using MRI approaches; a nuclear magnetic resonance spec-
troscopy study (i.e., without functional correlates) enrolled
31 children (19 with OSAS and 12 controls).>® We should
further emphasize that the results reported in this manuscript
are of substantial relevance considering the “negative” results
recently reported on neurocognitive functioning outcomes by
the first randomized controlled trial on pediatric OSAS and
adenotonsillectomy.*

Overall, these results provide the first fMRI evidence that
cognitive and empathetic processing is influenced by OSAS,
even when executive functioning is preserved. Children with
sleep apnea showed greater of regions implicated in cognitive
control, conflict monitoring, and attentional allocation in order
to perform at the same level as children without sleep apnea.
When viewing ecologically valid interactions, apnea-hypopnea
predicted less sensitivity to harm in the left amygdala. Thus,
sleep apnea appears to influence neural recruitment across a
range of brain activities.
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SUPPLEMENTAL MATERIAL

Table S1—Significant clusters for obstructive sleep apnea > HC on
incongruent versus congruent trials

Cluster size  MNI coordinates
Brain region k X y z T
L insula 1 32 16 18 4.4196
R.insula 41 -34 4 20 6.0364
L.MCC 24 12 12 36 4.5539
R.MCC 88 -18 6 36 5.2216
R. MFG 10 26 46 32 41828
R. SFG 10 18 10 44 4.2414
L. SPL 11 22 62 64 4.3805
L. Postcentral 1 42 40 64 4.4311

gyrus

L, left hemisphere; MCC, anterior midcingulate cortex; MFG, middle
frontal gyrus; R, right hemisphere; SFG, superior frontal gyrus; SPL,
superior parietal lobule.
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Table S2—Correlations between apnea-hypopnea index and percent
functional MRI signal change in regions of interest when participants
viewed intentional harm versus neutral actions

Brain region r
L. insula -0.23
R.insula 0.02
L.MCC -0.37
R.MCC -0.24
L. amygdala -0.712
R. amygdala -0.43
L.IFG 0.02
R.IFG 0.13
L. vmPFC -0.30
R. vmPFC -0.31

3P < 0.05. IFG, inferior frontal gyrus; MCC, anterior midcingulate cortex;
vmPFC, ventromedial prefrontal cortex.
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